Viroids are small, single-stranded, covalently-closed, circular RNA molecules that cause numerous diseases of plants [1] . Viroid genomes range in size from 245 to 401 nucleotides, depending upon the viroid species, and possess a host range that includes both herbaceous and woody plants [2] . There are currently 29 known viroid species that are grouped into two families, the Pospiviroidae (type member, Potato spindle tuber viroid, PSTVd) and the Avsunviroidae (type member, Avocado sunblotch viroid, ASBVd) based on sequence and structural homologies [2] . In general, members of the Avsunviroidae have a narrower host range than members of the Pospiviroidae. Unlike plant viruses, viroids lack mRNA activity and a protective protein capsid, and they do not require a helper virus for replication or movement [3] . As such, viroids rely upon interactions with pre-existing host components for multiplication and spread throughout the plant, and, as these interactions are poorly understood, attempts to control viroid diseases by novel strategies have not been uniformly successful.
Key steps in the colonization of the host plant by a viroid are the ability of the viroid RNA to move systemically and its ability to move intracellularly from the cytoplasm to the subcellular compartment where viroid multiplication occurs. Systemic infection involves both the movement of viroid RNA from cell-to-cell through the plasmodesmata, and long distance movement paralleling the transport of photosynthate through the phloem. For Potato spindle tuber viroid (PSTVd), movement through the phloem involves the interaction with host proteins [4] [5] [6] .
The subcellular compartment where viroid replication occurs differs between the two viroid families. Pospiviroids replicate in the nucleus and accumulate in the nucleolus [7, 8] late, and presumably replicate, in the chloroplast [9, 10] . Both employ a rolling-circle type of replication where linear, oligomeric RNA intermediates of both polarities (plus and minus) are synthesized using different host RNA polymerases. The intracellular movement of PSTVd into the nucleus from the cytoplasm was the focus of two recent studies. Woo et al. [11] found that nuclear transport of fluorescein-labelled PSTVd RNA in permeabilized tobacco protoplasts was mediated by a specific, saturable receptor and was cytoskeleton-independent and not coupled to the Ran GTPase cycle. In our studies using a whole plant assay, a full-length, 359 nt. PSTVd-embedded intron was inserted into the coding region of green fluorescent protein (GFP) [12] . When expressed in the cytoplasm, GFP expression was only seen for recombinant RNAs containing the PSTVd-containing intron, which provided a signal for nuclear import, allowing splicing to a functional RNA. Both of these studies suggested that the PSTVd molecule possesses a specific signal that directs it to the nucleus. The nature of that specific signal and the cellular factors involved are unknown.
Viroid molecules are presumed exist in their native state in the cell as rod-like structures, characterized by a series of short double helices and internal loops resulting from intramolecular base-pairing, as shown in Fig. 1 for PSTVd. The viroid molecule can be divided into five structural domains based primarily on sequence homologies between different viroids, but these regions also seem to be correlated with biological function [13] . In addition to the rodlike structure, thermal transitions of the viroid secondary structure occur upon melting of the molecule, with resulting formation of thermodynamically metastable structures [14] and transient secondary hairpins I, II, and III ( Fig. 1 ) [15] [16] [17] . The hairpins, which are connected by singlestranded regions, are formed by long-range cooperativity and dissociation of the rod-like structure. PSTVd also contains a loop E motif in the central conserved region (Fig. 1) . This motif, which is formed by interaction of the upper and lower strand, is involved in RNA-RNA and RNA-protein interactions in a wide range of RNAs, and in PSTVd, the loop E region contains a processing domain for conversion of longer-than-unit length replicative intermediates into monomers [3] .
It is not known if the entire PSTVd sequence is required for transit of the viroid into the nucleus or if portions of the RNA are sufficient. In this study, we dissected the PSTVd genome using the whole plant nuclear assay [12] to identify the core motifs that target PSTVd to the nucleus. Our results suggest that the evolutionarily-conserved HI -CCR sequence and/or the stem-loop structure it forms is sufficient to direct import of PSTVd into the nucleus.
Materials and methods
DNA constructions. The coding region of GFP was interrupted by insertion of an intron derived from the intervening sequence 2 (IV2) of the potato St-LS1 gene as described by Zhao et al. [12] . Fragments of PSTVd were amplified from viroid-containing plasmid DNAs and inserted into the intron as described below. The nomenclature of the constructs refers to their location on the rod-like, partially double-stranded structure of PSTVd ( Fig. 1 ). All primers are listed in Table 1 . The ''upper half" of the intermediate strain of PSTVd (nt 1-180) was amplified using primers L1 and R1 from a head-to-tail dimer clone of PSTVd, pSTB14 [18] , yielding L1R1. The lower half (nt 181-359; L2R2) was amplified using primers L2 and R2 from pSTB14. Hairpin I (HI) and the mutant HI (HIM) were constructed by using overlapping PCR and primer pairs HIL and HIR, or HIML and HIR, respectively. The primers contained either an SstI restriction or an XhoI restriction site at their 5 0 termini for subsequent cloning. The PCR products were cloned into the pCR2.1 TA cloning vector (Invitrogen, Carlsbad, CA). Following restriction digestion, the amplified sequences were inserted into SstI and XhoI doubly-digested pUC19:IV2 [12] . Additional fragmentation of the PSTVd genome was performed by amplifying the top left (L1R3, nt 1-87) and top right (L3R1, nt 88-180) regions using primer pairs L1 and R3, and L3 plus R1, respectively ( Fig. 1 ). The ASBVd sequence was amplified from a cDNA clone of ASBVd using primers ASBVF and ASBVR (Table 1 ). All subsequent subcloning of the fragment proceeded as above.
The PSTVd-containing intron constructs were digested with SnaBI and PvuII, and the fragments were cloned into the MscI restriction site of the mGFP4 open reading frame as previously described [12] . The fragmentembedded, intron-bearing gfp reporter was amplified using the GFPF(Nru/EcoRV) and GFPR(Hind/Sal) primers (Table 1) , and the
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A ApaI/SstI fragment containing the GFP reporter gene was excised from the pSKAS vector and was used to replace the corresponding ApaI/SstII fragment of the full-length PVX-based vector, pP2C2S. The resulting plasmid constructs were designated L1R1, L2R2, L1R3, L3R1, H1, and H1M, and correspond to their position on the PSTVd genome as shown in Fig. 1 . Transcription reactions and plant inoculations. The pP2C2S plasmid DNA constructs were linearized with SpeI prior to transcription. Approximately 1 lg of each linearized template was used in a 20 ll transcription reaction mix using the T7 mMessage mMachine kit (Ambion Inc., Austin, TX) at 37°C to prepare capped transcripts. The reaction mixes were supplemented with 1 ll of 30 mM GTP 15 min after the start of the reaction to facilitate synthesis of long RNA transcripts. The transcription reactions were continued for an additional 90 min. An aliquot (1 ll) was analyzed on a 1.0% agarose gel to assess the quantity and quality of the RNA transcripts.
For plant inoculations, the transcripts were diluted to 0.5 lg/ll with 50 mM potassium phosphate (pH 7.0). Five microliters of the diluted transcripts were rubbed onto each of three carborundum-dusted leaves of Nicotiana benthamiana plants using a sterile glass rod. The plants were inoculated at the six-leaf stage and grown under greenhouse conditions under natural daylight with a temperature of 20-25°C. The experiments were repeated at least three times.
Fluorescence detection. At 14 and 23 days post-inoculation, plants were examined using a FujiFilm Luminescent Image Analyzer LAS-1000plus (Fuji Photo Film Co., LTP, Tokyo, Japan). The images were obtained using LAS-1000 Pro software and colorized using Adobe Photoshop Version 7.0 Software.
Nucleic acid extractions and reverse transcription-polymerase chain reaction (RT-PCR) assays. Total nucleic acids were extracted from systemically-infected leaf tissue 2 weeks after inoculation using TRI Reagent (Molecular Research Inc., Cincinnati, OH). Two microgram of total nucleic acid was amplified using 20 pmol of each primer [GFPF(Nru/ EcoRV)/GFPR(Hind/Sal), Table 1 ] and 200 lM dNTPs in a 50 ll reaction of the Titan One-tube RT-PCR kit (Roche Molecular Biochemicals, Bedford, MA). The amplification conditions were 5 min at 95°C, and 35 cycles of 1 min at 95°C, 2 min 42°C, 3 min 68°C, followed by 7 min 68°C. The amplicons were electrophoresed through 1% agarose gels containing 1Â TBE buffer. RT-PCR controls contained nucleic acid from uninoculated N. benthamiana plants. Size controls included RT-PCRs using the same primers and amplification conditions on the plasmid DNA templates used for transcription. The amplicons were sequenced using the GFPF (Nru/EcoRV) and GFPR (Hind/Sal) primers.
Results and discussion

Characterization of GFP fluorescence
The appearance of green fluorescence in leaf tissue was monitored after inoculation with each fragment-containing construct (Fig. 2) . There was no fluorescence in the uninoculated (Healthy), or in GFPint (12; negative control), and ASBVd construct containing plants. ASBVd replicates in the chloroplast and does not appear to enter the nucleus, demonstrating the specificity of this assay (Fig. 2) . There was little fluorescence from the L2R2 construct that represents the lower portion of the viroid molecule, whereas the number and appearance of fluorescent lesions was very stable with the full-length PSTVd insertion (PVXGFPintPSTVd) and L1R1 (the upper strand of PSTVd) (Fig. 2) . As the L1R1 construct retained its ability to target the viroid to the nucleus, further dissection of this region was performed. Both L1R3 and L3R1 exhibited fluorescence, but the highest plant-to-plant variability was observed with the L3R1 fragment (upper left region), with the appearance of lesions varying from 1 to 3 weeks postinoculation. The highly structured HI caused the earliest and most abundant production of functional GFP. Expression of fluorescence was not interrupted or significantly affected by the three mutations (CUU ? GGG) that are predicted to disrupt the base-pairing in the hairpin stem (HIM, Fig. 2 ).
RT-PCR assays of intron splicing
Intron removal from each construct was confirmed by RT-PCR using primers that flank the GFP reporter gene. The L1R1 construct, which exhibited high levels of fluorescence, resulted in efficient excision of the intron from GFP and the production the predicted RT-PCR product of 740 bp (Fig. 3A, lane 4) , whereas the L2R2 construct with low fluorescence, resulted in partial excision products, with approximately 40% completely unspliced product (Fig. 3A , lane 2). GFP containing the intron alone did not fluoresce (Fig. 2) and the intron was not excised (Fig. 3A, lane 5) . The RT-PCR assay also revealed that there was plantto-plant and construct-dependent variation in splicing, as the intron was completely removed in some plants, and not removed in others (Fig. 3B) . For example, the L1R1 construct was mostly spliced in all plants, but there was plant-to-plant variation in L1R3 and L3R1. The H1 and H1M constructs were efficiently spliced, as well as the complete PSTVd construct, while ASBVd-containing construct was not spliced (Fig. 3B, lane 19) . These results confirm what was found in the fluorescence assay (Fig. 2) . Selected amplicons were sequenced or restricted as described [12] and the results demonstrate the excision of the intron (data not shown).
In summary, our experimental evidence shows that HI was able to shuttle a non-viroid RNA into the nucleus and that this function was not interrupted by three mutations which were predicted to disrupt the base-pairing in the stem of the hairpin. However, even when HI was split (fragments L1R3 and L3R1 of 87 and 93 nt in length, respectively), the viroid sequences were still able to shuttle the RNA into the nucleus. These constructs were more efficient at targeting than the full-length viroid of 359 nt or the lower half of the molecule (L2R2), but were less efficient than the HI and HIM hairpin constructs. The appearance of more or less GFP fluorescence and processing in each construct suggests the possibility of more than one nuclear localization signal or motif in the upper portion of the PSTVd genome (nt 1-180). Alternatively, the splicing efficiency may be influenced by the intron/exon boundaries [19] . However, HI alone can function in movement of PSTVd-containing RNAs into the nucleus.
The conservation of HI and the upper CCR indicates their importance in the life cycle of pospiviroids. The CCR is known to contain the structural and functional requirements for correct processing of longer-than-unit length replicative intermediates [3] . Mutations in HI that disrupted the stem of the hairpin abolished infectivity [20] . The conserved GAAA tetraloop (loop E) is essential for processing by favoring a kinetically controlled conformation essential for ligation. HII, with its GC-rich stem, includes most of the lower strand in the rod-like PSTVd structure (Fig. 1) , and has been shown to play an important role in viroid replication [17] . The lower portion of the viroid (L2R2) did not shuttle the RNA into the nucleus, therefore, it most likely does not play a role in nuclear localization.
The translocation of cellular factors across the nuclear envelope is a controlled process [21] . With the nuclear pore diameter of 10 nm and a 60-70,000 Da diffusion limit, a viroid RNA molecule in its renatured state of 37 ± 6 nm, $100,000 Da [15] would not diffuse into the nucleus. Other RNAs which transit the nuclear membrane do so with the assistance of proteins, and multiple pathways may be used, e.g., snRNAs possess a cap structure and core proteins, tRNAs actively shuttle between the nucleus and cytoplasm using an energy-dependent process and interaction with exportin-t [22] , mRNAs possess a cap structure and interact with hnRNP proteins The snoRNA domain of the vertebrate telomerase RNA functions in nuclear retention and nucleolar localization; this domain contains a box H/ACA motif [23] . Recently, it has been shown that a 6 nucleotide, 3 0 terminal sequence element (AGUGUU) of a specific micro RNA (miR-29b), could function as a transferable nuclear localization signal when attached to the 3 0 terminus of other 22-21 nucleotide micro RNAs [24] . The HI of PSTVd does not contain the specific AGUGUU motif; however, it demonstrates that nuclear localization signals are also transferable in other systems.
Viroid nuclear import may result from the formation of a nucleoprotein complex with cellular factors. PSTV is known to interact with host proteins, including histones, an S25 ribosomal protein, the large subunit of tomato DNAdependent RNA polymerase I, and phloem protein-2, among others [3] . Recently, a tomato bromodomain-containing protein, VirpI, was shown to bind specifically to motifs in the right terminal domain of PSTVd both in vitro and in vivo [25] . Virp1 is member of a family of transcriptional regulators that are associated with chromatin remodeling. In addition to the bromodomain motif, VirpI contains a putative nuclear localization signal and was proposed to be a candidate to mediate nuclear transfer of the viroid into and out of the nucleus. Although, we do not have evidence that disruption of the Virp1-binding sites lead to loss of nuclear shuttling, our results suggest that the right terminal domain is not the primary nuclear localization signal.
Many questions still remain to be answered. Does the same sequence/structural motif also determine directional traffic of PSTVd into the nucleolus or out of the nucleus? It has recently been shown that the plus strand of PSTVd localizes to the nucleoplasm, where the negative strand localizes to the nucleolus as well as the nucleoplasm [26] . Does the viroid attach to nuclear pore proteins itself or does it interact with cytoplasmic proteins that facilitate its movement into the nucleus? Our finding that a sequence element may be functional without the complete viroid sequence may allow isolation of nuclear pore proteins or other host proteins that interact with the RNA and help to delineate the basic nuclear transport machinery of plant cells. An additional application of this knowledge would be the disruption of the viroid-host interaction(s) leading to nuclear import and, perhaps, subsequent disease control.
